Our results prove the local origin of magnetoresistance in electrochemically deposited Ni nanocontacts. Experiments have been done using a complex setup for both in situ growth and ballistic magnetoresistance ͑BMR͒ measurements. Nanocontacts have been grown between two macroscopic Ni wires. In situ experiments with variation of the nanocontact diameter from 3 to 20 nm have been done using the same pair of wires. BMR values from 0.5% to 100% have been observed but no correlation of BMR value with the sample resistance, i.e., with the nanocontact cross section, has been found. These results show that the BMR in the nanometric size contact is determined by local geometrical and magnetic structures near the nanocontact rather than by the contact cross section itself. The hypothesis of existence of the intrinsic nonmagnetic dead layer in the ferromagnetic nanocontact is proposed to account for the BMR properties of the nanometric size contacts. Additionally, we report a BMR value of 200% in a Ni nanocontact ͑5 nm diameter͒ electrochemically grown between two nonmagnetic macroscopic gold wires. An external magnetic field has been used during the electrochemical deposition to fix the easy magnetic axis of the deposited Ni layer.
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Ballistic magnetoresistance ͑BMR͒ in ferromagnetic atomic size ͑less than 1 nm diameter͒ nanocontacts were first reported in 1999. 1 The physical origin of the large magnetoresistance ͑MR͒ values ͑up to 300% at room temperatures͒ is a modification of the spin-dependent transparency of the nanocontact by the external magnetic field that changes the orientation of magnetization in an area of a few nanometers near the contact.
2 The BMR is a local effect, i.e., local magnetization near the contact plays the dominant role. Atomic size contacts are stable for a few minutes only, which impairs technological applications. Subsequent investigations have shown very large BMR ͑up to 700%͒ at room temperatures for nanometric size ͑1-100 nm diameter͒ contacts. 3, 4 These nanocontacts were electrochemically grown between two ferromagnetic wires and they are stable for days. Stable BMR structures can successfully compete with giant MR 5 and tunnel MR 6 structures for applications as local magnetic sensors or as reading magnetic heads. An important question, which is very significant for practical applications, is the role of the bulk ferromagnetic electrodes. The use of large ferromagnetic electrodes ͑5 mm long and 0.1 mm diameter Ni wire͒ raises the question of the possible role of bulk magnetic effects, such as static magnetic forces or magnetostriction. On the other hand, the structures with nanocontacts can not function as local sensors if it is necessary to modify the magnetization of the bulk electrodes to get a magnetoresistive response. The experiments reported here prove the local origin of the BMR in electrochemically deposited nanocontacts. It is clear that massive metallic electrodes are playing the role of radiators stabilizing the thermal balance of the system.
An experimental setup has been designed for this purpose. With this setup, we can do in situ MR meaurements while the sample is within the growing solution. Ni nanocontacts have been produced electrochemically in a saturated NiSO 4 aqueous solution. The electrochemical cell is placed inside the electromagnet, which provides magnetic fields up to 4.5 kOe. An electrochemical controller based on a bipotentiostat ͑Model AFCBP1, Pine Instruments Company͒ sets the electrochemical potential at the working electrode and collects values of dc current between the working electrode and the solution. A measuring system provides a small ac current between the working electrodes and collects data of the resistance R c of the nanocontact growing between them. A computer controls all systems, provides the negative feedback during electrochemical growth and stops all electrochemical process during magnetoresistance measurements. The contact resistance is measured by using either a standard lock-in technique or normal dc method, in both cases a current of 5 to 100 A was allowed to flow through the contact. Usually it takes 10 min to get the data for one experimental MR curve.
To demonstrate the local origin of nanocontact MR, we have made two series of experiments. For the first one, we have prepared the sample in the same manner as described in previous papers. 4 Two Ni wires ͑0.1 mm diameter and 5 mm length͒ are fixed at a dielectric substrate ͑see inset of . When a contact between WE1 and WE2 is detected, a feedback system starts to function and provides a predetermined value of resistance for the nanocontact. After each MR measurement, we set a new value R set and restart the eleca͒ Author to whom correspondence be addressed; electronic mail: IGS@fsp.csic.es APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 10 11 MARCH 2002 trochemical process. It should be emphasized that the existing contact is not destroyed and the wires remain unchanged. The sample configuration is the same; we just change the cross section of the nanocontact using electrochemical etching or deposition. In this manner, we have investigated several nanocontacts with different cross sections but with the same bulk electrodes. If bulk magnetic effects determine MR of the nanocontact then we should obtain the same type and the same value of MR for all these measurements. Experimental results are presented in Fig. 1 . One can see the magnetic field dependence of the normalized MR ⌬R/R ϵ R(H)/R c Ϫ1 corresponding to five different values of contact resistance R c , printed near the curves. All curves are presented with the same scale but with vertical offset. Only the data corresponding to 71 ⍀ resistance have been multiplied by 10, and the data for the case of the highest resistance R c ϭ355 ⍀ have been multiplied by 100. The maximum values of MR 105% and 95% are found for R c ϭ12 ⍀ and 170 ⍀, respectively. Nearly 30% MR was observed for a resistance 35 ⍀. Very small changes of resistance of 2.2% and 0.5% are observed for samples of R c ϭ71 ⍀ and 355 ⍀, respectively. These very different values of MR obtained for the same bulk electrodes clearly demonstrate that BMR in ferromagnetic nanocontacts is not determined by bulk magnetic effects such as magnetostriction and magnetic forces.
Contrarily to the results obtained for mechanically produced atomic size contacts, 1,2 we do not observe a clear dependence of the MR value with the sample resistance. The most common point of view is that the resistance of quantum 7 and classical 8 point-contacts is determined by the smallest diameter of the constriction or by the contact diameter, and that the geometrical details on the vicinity of the contact or the form of the contact are irrelevant. But, as it was demonstrated theoretically, 9,10 the geometrical details of the vicinity of the contact strongly influence the width of the domain wall captured by the nanocontact and, therefore, 2 the contact form determines the transparency of the domain wall for spin-polarized electrons. It is important to note that the model of a constrained domain wall developed by Bruno 9 can not account for the very big BMR in the nanometer size contacts. Detailed calculations 10 show that the domain wall in the constriction is not one dimensional, as Bruno believed, and that the domain wall width can not be less than the contact diameter. Electron scattering by this domain wall is negligible for nanometers size nanocontact.
2,11 Therefore, to explain a BMR value up to 700% ͑Ref. 4͒ in an electrochemically grown Ni nanocontact we have to assume that the nanocontact, contains an intrinsic ''dead layer'' of nonmagnetic material. In this case, the exchange interaction is negligible and the effective wall width is equal the dead layer thickness, which can be of atomic dimension. This assumption is quite reasonable since many experiments indicate that magnetic films are composed of magnetic grains with nonmagnetic grain boundaries. 12 In the insets of the Fig. 2 , we present electron-microscope images of the surface of Ni layers electrodeposited at standard conditions Hv0 ͓Fig. 2͑a͔͒ and at the external magnetic field 2.5 kOe ͓Fig. 2͑b͔͒. The micrograin structure can be seen clearly in both images, but the surface of the film is smoother if electrochemical deposition has been done in the presence of magnetic field.
When we change the sample resistance during the electrochemical growth, we control only the diameter of the nanocontact. But, for sure, the periodically repeated processes of etching and deposition can vary the shape of the Ni bridge and the properties of the intrinsic dead layer in the nanocontact. These uncontrolled small variations of the contact geometry or local magnetic structures near the contact can influence strongly the MR of the nanocontact with different diameters, as presented in Fig. 1 .
We note that the MR curve for the nanocontact with the largest diameter ͑smallest R c ͒ includes both positive and negative MR. The transition from positive to negative MR takes place at around 300 Oe. Negative MR may have two possible causes, the first being that several domains are sweeping across the contact, 3 and the second that the magnetization on the opposite side of the contact becomes oriented by the external field. Both origins point to the fact that the effect is a highly local effect, i.e., the behavior is mostly determined by the magnetization configuration in the proximity of the contact rather than in the bulk electrodes.
To eliminate any bulk magnetic effects, we have used in the second experiment Cu or Au electrodes instead of ferromagnetic Ni electrodes. To produce the ferromagnetic nano- contact, the electrochemical deposition has been made in two stages. At a first stage, we deposited a Ni layer ͑several micron thickness͒ on the open part of the horizontal electrode ͑see inset at Fig. 2͒ . The second stage was the same as described herein. Deposition has been done on the top of the vertical electrode to get a Ni-Ni nanocontact of a predetermined resistance. The nanocontact is formed between microscopic ͑a few microns͒ pieces of Ni. In this case, elongation due to magnetostriction is less than 10 Ϫ2 nm, which can not influence the contact of several nanonmeters diameter.
We observed very small MR ͑less 5%͒ for most of the samples prepared in this manner. We believe that this may be due to a chaotic orientation of the magnetic structure at both sides of the contact. Contrarily to the case of structures based on Ni wires, here there are no bulk magnetic wires to provide a strong magnetic anisotropy that fixes the easy magnetic axes at the vicinity of the nanocontact. Electrochemical deposition of Ni on the nonmagnetic substrate provides micrograin layers with chaotically oriented magnetic anisotropy. Therefore, we have no preferred directions at the vicinity of the nanocontact and the external magnetic field can simultaneously change magnetization at either side of the nanocontact. As a result, the transparency of the nanocontact will be changed weakly by the magnetic field and MR should be very small. To solve this problem, we have modified the first stage of Ni deposition. We have deposited nickel at the middle part of the horizontal Au bar under an applied magnetic field of 4000 Oe along this bar. We hoped that the external magnetic field would fix magnetic anisotropy and magnetization of the film grown. During MR measurements, the magnetic field is along the perpendicular bar and perpendicular to the easy axis of the Ni film at the horizontal electrode. This magnetic field can not change the magnetization of the horizontal electrode, but could easily change the magnetic structures near the contact at the vertical bar. In Fig. 2 we present experimental MR measurements for this sample, with a nanocontact of 5 nm diameter, showing values about 200% MR. These clearly demonstrate that by using an external magnetic field, we can control and fix the orientation of the magnetic easy axis during electrochemical deposition of a magnetic film on a nonmagnetic substrate.
Finally, we report values of 200% BMR in electrochemically deposited ferromagnetic nanocontacts grown between microscopic pieces of Ni. In situ experiments have demonstrated that macroscopic magnetic effects are not relevant in determining the BMR of the electrochemically deposited Ni nanocontacts, but that BMR strongly depends on the local magnetic structure near the contact and the local contact geometry rather than on the contact cross section. Hypothesis of the intrinsic nonmagnetic dead layer in the ferromagnetic nanocontact has been proposed to describe the BMR for nanometric size nanocontacts. Schema of the sample is presented in inset. First stage deposition of the Ni on the horizontal wire was made at magnetic field 4 kOe parallel to axe of this bar. MR measurements have been done at magnetic field, which is parallel to another wire. Electron-microscope images of the electrodeposited Ni layers are presented in inset ͑a͒ and ͑b͒. In both cases, electrodeposition of Ni on the gold has been done at the same condition, just in the case ͑b͒ external magnetic field 2.5 kOe have been applied during deposition.
